The Toll/Dorsal pathway regulates dorsoventral axis formation in the Drosophila embryo. We had previously obtained evidence that a homologous pathway exists in Xenopus, however, its role during normal frog development had not been established. Here we report the cloning of Xenopus MyD88 (XMyD88), whose mammalian homologs are adaptor proteins linking Toll/IL-1 receptors and IRAK kinases. We show that in the frog embryo overexpression of a dominant-negative form of XMyD88 blocked Toll receptor activity, speci®cally inhibited axis formation and reduced expression of pivotal organizer genes. The observed stage-dependency of interference suggests a function for maternal XMyD88 soon after fertilization. We conclude that XMyD88 activity is required for normal Spemann organizer formation, implying an essential role for maternal Toll/IL-1 receptors in Xenopus axis formation. q
Introduction
Axial patterning of the vertebrate embryo, as studied extensively in Xenopus laevis, is thought to rely on a combination of VegT, TGF-b and Wnt/b-Catenin signals, which establish the Spemann organizer (Moon and Kimelman, 1998; Zhang et al., 1998; Sokol, 1999; Clements et al., 1999; Agius et al., 2000) . In insects like Drosophila melanogaster, the formation of the embryonic dorsoventral axis is regulated by the Toll/Dorsal pathway (Morisato and Anderson, 1995) , which is homologous to the vertebrate Toll/IL-1 receptor signaling pathway (Belvin and Anderson, 1996) . Both cascades control the nuclear entry of the Rel proteins Dorsal and NF-kB, respectively. By expressing heterologous cDNAs from Drosophila in UV-ventralized Xenopus embryos we had previously reported evidence for the existence of a Toll/Dorsal-like pathway in the frog (Armstrong et al., 1998) . However, the conserved biological activity of the¯y proteins was detectable only in UVventralized embryos. Furthermore, latent NF-kB/IkB complexes are central integrators of cell physiology. They receive diverse signal inputs, some of which do not involve Toll receptors (Dinarello, 1996; Kopp and Medzhitov, 1999) . Thus, the physiological role of the speci®c Xenopus Rel/NF-kB pathway, which was stimulated by the Drosophila proteins, remained to be established.
Mammalian MyD88 proteins are promising candidates to address this issue. They act in a manner comparable to the Drosophila protein Tube, linking activated Toll/Interleukin-(IL-) 1 receptors to IRAK, the homolog of the Drosophila serine/threonine kinase Pelle (for reviews see Morisato and Anderson, 1995; Kopp and Medzhitov, 1999) . The carboxyterminal Toll/IL-1 receptor homology (TIR) domain of MyD88 binds to the receptors, whereas the amino-terminal death domain interacts with the kinase (Muzio et al., 1997; Wesche et al., 1997) . When expressed separately from each other, both domains ± in particular the TIR domain ± were found to block Toll-mediated NF-kB activation (Medzhitov et al., 1998) . Importantly, MyD88s' TIR domain did not inhibit NF-kB activation by TNF-a. This distinguishes MyD88 as a speci®c adaptor molecule for Toll/IL-1 receptors, rather than being a general mediator of NF-kB activation (Medzhitov et al., 1998; Kopp and Medzhitov, 1999) .
In this work we report the isolation and functional analysis of the Xenopus homolog of MyD88 (XMyD88). We show that overexpression of XMyD88s' TIR domain inhibits Toll receptor activity in the embryo, without generally blocking TGF-b or Wnt/b-Catenin signaling. The phenotypic analysis indicates that endogenous XMyD88 is required for axis formation on the level of speci®c gene activations in the Spemann organizer region. This implies an essential function of a Toll/Il-1 receptor signal during early development of Xenopus, acting in parallel to the known maternal signaling pathways.
Results

Cloning and expression of Xenopus MyD88
Using degenerated primer PCR followed by RACE, we isolated a cDNA from the maternal mRNA pool of Xenopus (Fig. 1B) . Whole-mount RNA in situ hybridization detected maternal XMyD88 mRNA at least until the initial gastrula stage (9 hpf) in both surface and deep cells of the animal hemisphere with no apparent polarity (Fig. 1C , and data not shown). Maternal XMyD88 expression in the vegetal pole region may have escaped detection, due to the much reduced in situ signal levels in these large, yolk rich cells.
DNXMyD88 interferes with Toll receptor signaling
To provide functional evidence that the protein encoded by this cDNA is the frog MyD88 homolog, we tested whether it could interfere with Toll receptor signaling in the UV-axis-rescue assay, which we had used before to demonstrate dorsalizing activity for heterologous components of the Drosophila Spa Ètzle/Toll/Dorsal cascade (see Armstrong et al., 1998) . The baseline of this experiment is represented by the frequency and quality of twinned axis induced in UV-ventralized embryos through microinjected transcripts encoding either the Toll receptor, its ligand Spa Èt-zle (Armstrong et al., 1998) or the NF-kB homolog Dorsal from Drosophila (compare Fig. 2B with C, E and G). The degree of ventralization, or rescue of axial structures respectively, is quantitated in Table 1 according to the dorso-anterior index scale (DAI; Kao and Elinson, 1988) . Coexpressing full-length XMyD88 protein had no effect on axis rescue by either Spa Ètzle, Toll or Dorsal (data not shown). However, the TIR domain of XMyD88 (i.e. DNXMyD88) inhibited the dorsalizing activity of the heterologous Toll receptor (compare Fig. 2E with F) , as well as the activity of the endogenous receptor through which Spa Ètzle signalled (compare Fig. 2C with D) . In contrast, it had a much weaker effect on the activity of the downstream transcription factor Dorsal (compare Fig. 2G with H). Statistical analysis indicated that the observed reduction of twinned axes in response to DNXMyD88 was highly signi®cant for Spa Ètzle and Toll (Table 1) .
These results are in accordance with the epistatic position of mammalian MyD88 protein in the Toll/NF-kB pathway (Fig. 2I ) and suggest that DNXMyD88 could be used as a dominant negative interference variant to block endogenous XMyD88 protein function.
XMyD88 is required for axis formation in Xenopus embryos
Dorsal mRNA-injections of DNXMyD88 reproducibly caused a statistically signi®cant loss of axial structures in wild-type embryos (total sample size 1984 embryos). The phenotypes ranged from loss of forebrain, through cyclopia, to headless embryos with shortened trunks, the latter corresponding to a DAI of 2 (Fig. 3A,B) . The DAI 2 class of embryos lacked differentiated notochord, and somite and neural tube structures were impaired (Fig. 3E,G) . Even less strongly affected siblings (DAI 3) showed slightly aberrant somites and neural tube (Fig. 3H) , occasionally accompanied by reduced muscle actin expression (data not Fig. 3 . Phenotypic effects of DNXMyD88 mRNA on axis formation: embryos were injected dorsally into both blastomeres at two-cell stage, based on pigmentation differences between the prospective dorsal and ventral sides (see Section 4.2 for details). (A) Series of typical axis truncations induced by injection of DNXMyD88 mRNA (50 pg). From top to bottom: no effect (DAI 5), reduced forehead (DAI 4), cyclopia (DAI 3), microcephalic and headless (DAI 2). (B) Phenotypic spread of embryos: black, uninjected control embryos (n 234); red, embryos injected with 50 pg (n 162) or blue, injected with 1000 pg (n 210) DNXMyD88 RNA; green, rescue experiment with embryos coinjected with 50 pg DNXMyD88 RNA and 100 pg XMyD88 (n 117). (C) Phenotypic penetrance as a function of injection timing. X-axis indicates the developmental stage, at which DNXMyD88 RNA was injected. (D,E) DNXMyD88-injected embryos lacked notochord (MZ15 staining): (D) Control embryo; (E) DNXMyD88-injected embryo (DAI 2). (F±H) Sagittal sections through DNXMyD88-injected embryos at the level of the otic vesicle (ot, otic vesicle; nt, neural tube; not, notochord, so, somites): (F) Control embryo; (G) microcephalic embryo without notochord, impaired neural tube and somite structure; (H) cyclopic embryo with slightly aberrant somites. N $ 3 independent experiments. shown). In contrast, ventral injections of even a 10-fold higher dose of DNXMyD88 mRNA (500 pg, n 437) did not perturb development (data not shown), suggesting a speci®c requirement for endogenous XMyD88 protein function on the presumptive dorsal side of the embryo. Taken together, the observed morphological defects represent partial ventralization of the main body axes, indicative of reduced head-and trunk-organizer activity (Gerhart et al., 1991) .
The effect of dorsal overexpression of DNXMyD88 was rescued to wildtype embryonic morphology by co-injection of a two-fold excess of full length XMyD88 RNA, demonstrating the speci®city of the DNXMyD88 phenotype (Fig.  3B , compare black and green columns). In addition, dorsal overexpression of the TIR domain from human MyD88 (Muzio et al., 1997) resulted in phenotypes, indistinguishable from DNXMyD88 injected embryos, and these were also rescued by co-injected full-length Xenopus MyD88 (data not shown). Overexpression of wild-type XMyD88, injected alone either dorsally or ventrally, had no effect on development (500 pg, n 306).
Intriguingly, dorsal injections of DNXMyD88 required a minimal dose of RNA (50 pg) to inhibit axis formation, but were in general dose-independent (Fig. 3B , compare red and blue columns). However, the timing of DNXMyD88 injections had a strong in¯uence on the phenotypic penetrance, which dropped steadily from an apparent maximum for RNA-injections at the two-cell stage to the detection limit for injections at the 16-cell stage (Fig. 3C) . Notably, in this experiment the constant decrease in cell size as a result of the ongoing cleavage divisions had been compensated for by spreading multiple RNA injections over the dorsal side. Therefore, this drop re¯ects a real decrease in the interference ef®ciency of DNXMyD88 over time, rather than a shrinking spatial distribution of the injected RNA. Because zygotic transcription does not occur before the 4000-cell stage (Newport and Kirschner, 1982) , this time-dependency strongly suggests that the endogenous signal blocked by DNXMyD88 is of maternal origin and occurs soon after fertilization. This may also contribute to the relatively low, although statistically signi®cant, phenotypic penetrance, which could be achieved by DNXMyD88 RNAinjections after fertilization.
XMyD88 is involved in the transcriptional induction of speci®c organizer genes
In order to analyze the effect of DNXMyD88 on early development, we performed RNA in situ hybridizations for genes involved in embryonic patterning. Ventroposterior markers such as bmp4, vent1, vent2, or Xwnt8 were not upregulated on the dorsal side of the embryo, and expression of the dorso-anterior markers Xnot2, XFD-1, Xnr4, Xotx2 and chordin were not signi®cantly reduced in their expression domains (data not shown). In addition, the pan-mesodermal marker Xbra was expressed at normal levels (compare Fig.   4A with F) , indicating that TGF-b dependent mesoderm induction occurred in DNXMyD88-injected embryos. However, the mRNA levels of a subset of organizer genes were strongly reduced or ablated (Fig. 4 , compare left and right panels). These genes encode the multifunctional headinducer Cerberus (Cer; Piccolo et al., 1999) , the TGF-b family member and neural inducer Xenopus Nodal-related 3 (Xnr3; Smith et al., 1995; Hansen et al., 1997) , the homeo- box protein Goosecoid (Gsc; Niehrs et al., 1993; Steinbeisser et al., 1995) and the BMP-antagonist Noggin (Smith et al., 1993; Zimmermann et al., 1996; Bachiller et al., 2000) . Whether these four genes are direct targets of a XMyD88-dependent signaling pathway is currently not known, and DNXMyD88 may also affect the expression of additional genes. Nevertheless, based on what is known about the functions of these pivotal regulators in vertebrate development (see quoted refs.), their transcriptional inhibition ®ts to the observed morphological and histological phenotype.
Organizer speci®c gene expression depends critically on maternal Wnt/b-Catenin signaling. Currently, three genes have been identi®ed as direct targets of the b-Catenin / TCF complex, i.e. Xnr3, siamois (sia) and twin (twn) (reviewed by Moon and Kimelman, 1998) . Because Xnr3 mRNA levels were strongly reduced by DNXMyD88, we wondered, whether XMyD88 might act directly through the Wnt/b-Catenin pathway, in addition to its well-established function in Toll/IL-1 receptor signaling? Sia and twn mRNAs are dif®cult to visualize by whole-mount RNA in situ hybridization, and so we performed quantitative RT-PCR analysis to assess their relative expression levels in embryos injected dorsally with either wildtype XMyD88 or DNXMyD88 RNA (Fig. 4L) . Consistent with the data described above, wildtype XMyD88 had no effect, while DNXMyD88 ablated again Xnr3 expression. In contrast, the dominant negative XMyD88 variant only moderately reduced twn mRNA levels, and did not affect sia expression at all. This observation excludes a constitutive function of XMyD88 in the canonical Wnt pathway.
Discussion
In this paper, we have described the cloning and functional analysis of a Xenopus homolog of mammalian MyD88 proteins, which are known as receptor-speci®c adaptor molecules involved in signal transmission from Toll/IL-1 receptors to an IRAK-dependent NF-kB pathway (Muzio et al., 1997; Wesche et al., 1997; Medzhitov et al., 1998) . Identi®cation of this Xenopus cDNA as a MyD88 homolog is based on extensive sequence homology to mammalian MyD88 proteins (see Fig. 1A ), as well as several independent lines of evidence, demonstrating functional equivalence between Xenopus and human MyD88 in our experiments ± ®rst, the TIR domain from XMyD88 inhibited in the UV-axis rescue assay the activity of the Drosophila Toll receptor and of the Drosophila Toll-ligand Spa Ètzle, which most likely acts through an as yet unidenti®ed endogenous Toll receptor (Fig. 2, see Armstrong et al., 1998) ; second, overexpression of the TIR domains from human or Xenopus MyD88 caused indistinguishable phenotypes; third, the phenotypes of the human MyD88 TIR domain were rescued by co-expression of full length XMyD88 (data not shown).
By speci®c dominant-negative interference analysis (Figs. 3 and 4) we have demonstrated that endogenous XMyD88 protein function is required for the transcriptional induction of a speci®c subset of regulatory genes in the Spemann organizer region, i.e. cer, gsc, noggin and Xnr3. The prominent morphological phenotype ± defects in formation of the head, neural tissue and axial mesoderm ± is consistent with the proposed function of these genes in vertebrate development. That this combination of loss of gene functions did not result in a more severe phenotype is most likely explained by compensation through partially redundant genes. Indeed, expression of the majority of genes analyzed (10 out of 14) was unaffected by DNXMyD88, including for instance chordin, which is known to partially compensate for the absence of noggin (Bachiller et al., 2000) . How does the endogenous MyD88 protein regulate dorsalspeci®c gene expression? The TAK1 kinase, which acts downstream from MyD88 in the Toll/IL-1 receptor signaling pathway see Fig. 2G ), has also been implicated in Bmp-and Wnt-pathways (Shibuya et al., 1998; Ishitani et al., 1999) . Since the dorsal side of the embryo is largely devoid of Bmp-signaling, it is not obvious how inhibition of TAK-1 activity by DNXMyD88 could have signi®cant consequences on Bmp target genes and, indeed, we have observed none (see above). Although this has not yet been described, TAK1 could also play a role in Activin and Nodal signaling. However, genes such as Xbra and chordin, which are known to receive direct input from Activin/Nodal signaling (Smith et al., 1991; Sasai et al., 1994) , were unaffected in DNXMyD88 RNA-injected embryos (Fig. 4) . Based on this evidence, it seems rather unlikely that XMyD88 affects TGF-b signaling in the organizer through a TAK1-dependent process.
In the Wnt-pathway, TAK1 antagonizes b-Catenin/TCF activity by promoting TCF phosphorylation (Ishitani et al., 1999) . Inhibiting TAK1 by DNXMyD88 would thus be expected to increase dorsal gene expression through b-Catenin/TCF, rather than decreasing it as observed. Our results argue for a positive synergism between maternal b-Catenin/ TCF activity and the MyD88-mediated signal, because all four organizer genes inhibited by DNXMyD88 are known to receive either direct or indirect input from b-Catenin/TCF (McKendry et al., 1997; Moon and Kimelman, 1998; Zhang et al., 1998; Clements et al., 1999) . In principal, this synergism could be post-translational, with a XMyD88-mediated signal stimulating b-Catenin/TCF protein activity. However, this is incompatible with the observation that the mRNA levels of the b-Catenin/TCF target genes sia and twn were not, or only moderately, affected (Fig. 4L) . We therefore favor the idea of a transcriptional synergism, in which the two pathways converge on the cis-regulatory elements of individual target genes. This hypothesis is currently being investigated.
Based on the extensive analysis of mammalian MyD88 protein function, DNXMyD88 would be expected to block signal transmission from Toll/IL-1 receptors, which in course would inhibit NF-kB protein activation. In support of this model, we have found that overexpression of a transdominant Ik-B variant in the organizer region phenocopies the DNXMyD88-dependent defects (Armstrong, Prothmann and Rupp, manuscript in preparation) . Although the molecular identity and the location of the presumed signal, transmitted by XMyD88, is currently not known, the observed time-dependency for interference with XMyD88 protein function (Fig. 3C ) strongly suggests that signaling occurs shortly after fertilization by maternal proteins.
In conclusion, our ®ndings indicate that XMyD88 protein function is required for Xenopus axis formation. These results imply that a Toll/IL-1 receptor signal, mediated by XMyD88 (see Fig. 5 ) occurs independently from, and acts in parallel to, the other key regulators of early Xenopus development (Moon and Kimelman, 1998; Zhang et al., 1998; Sokol, 1999; Clements et al., 1999; Agius et al., 2000) . 
